Osmosis has been cited as a mechanism for explaining anomalously high fluid pressures in the subsurface. Clays and shales act as membranes, and osmotic flux across these units may result in pressures sufficiently high to explain these anomalies. The theoretical osmotic pressures as calculated solely from solution properties can be quite large; however, it
.
The osmotic efficiencies obtained from the hyperfiltration experiments correlate very favorably with the Fritz-Marine Membrane Model.
This model predicts that the maximum osmotically-induced hydraulic pressures in the subsurface should occur across shales having low porosities and high cation exchange capacities in which the unit separates solutions of brackish waters.
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INTRODUCTION
That clays and shales act as membranes is well documented by experiment. Clay membranes have been found to generate electroosmotic effects (Hanshaw, 1963; Srivastava and Avasthi, 1975) , hyperfiltration of both solutes and stable isotopes (Kharaka and Berry, 1973; McKelvey and Milne, 1962; Coplen and Hanshaw, 1973) as well as osmotic effects (Young and Low, 1965; Kemper and Rollins, 1966; Olsen, 1969) .
Because clays and shales act as membranes, they are capable of generating osmotic pressures in the subsurface. If these units separate solutions of different aqueous activities, the resultant osmotic flux is capable of generating fluid pressures of hundreds of bars. Marine and Fritz (1981) reported that two wells penetrating a basin in South Carolina containing saline water had hydrostatic heads 82 and 134 meters above the pieziometric surface of the freshwater aquifer above. The theoretical osmotic pressure calculated from the chemical composition of the water from these well samples agreed within 5 percent of the actual heads. Hanshaw and Hill (1969) and Bredehoeft et al. (1963) have also reported evidence supporting --osmotically-generated hydrostatic pressures. Hanshaw and Zen (1965) suggest that osmotic pressure across shale beds may be important in facilitating thrust faults. In the siting of a subsurface waste repository where shale beds are nearby, an understanding of the osmotic effects on hydraulic heads is essential for a complete understanding of the subsurface hydrology. The possibility of osmotically-induced fracturing of shale aquitards has been discussed by Hanshaw (1972) .
Since clays are non-ideal mem.hranes,the maximum osmotic pressure generated across theses units is less than that predicted for ideal
membranes. Yet to be resolved is whether these geologic membranes are sufficiently ideal to generate anomalously high fluid pressures in the subsurface. The ideality of a clay membrane is a function of the membrane's cation exchange capacity and porosity as well as the concentration of solutes in which the membrane is imbibed. (Marine and Fritz, 1981) . Osmotic efficiency is greatest when a low porosity clay membrane having a high cation exchange capacity separates dilute solutions. Marine and Fritz (1981) derived a mathematical model relating osmotic efficiency of clay membranes to these parameters, and they showed that clay membranes approach ideal behavior as the porosity tends toward zero.
The intent of this investigation is to test by experiment the osmotic efficiency model of Marine and Fritz (1981) and to use the experimental data to support or deny the contention that osmosis is a viable mechanism for producing anomalously high fluid pressures in the subsurface. The osmotic efficiency data were obtained by a hyperfiltration method in which different concentrations of NaCl were hydraulically forced through a Na-bentonite membrane at two different porosities and a constant hydraulic pressure gradient.
SYMBOLS AND UNITS
The following is a list of all symbols used in derivations and calculations. Dimensionality of the S1 units are enclosed in brackets. an infinite amount of water in the membrane in dyne=sec.mole .cm [t-l] frictional coefficient between a mole of anions in the membrane and between this point and the high pressure interface is the''concentration polarization layer," or CPL (Porter, 1979) . Under steady state conditions, the profile of the CPL is constant. 
The unidirectional back diffusion of salt away from the high pressure interface can be expressed by Fick's bw:
where D is the diffusion coefficient of the solute in the x direction.
Combining (2) and (4) and substituting into (1) yields At steady state ac/2t= O, such that
where A is a constant of integration.
At steady state it is assumed that the ratio of concentration of salt exiting the membrane at x (Ce) to that entering the membrane at x e o (Co) is a constant, K, such that
This constant, K, is hereby defined as the filtration coefficient, and its value ranges from zero for ideal membranes to unity for porous media having no membrane properties. Solving for dC/dx in (10) and evaluating this differential at x=O yields
At x=O, dC/dx also equals the integration constant ,A, in (7) such that 
is the salt concentration at any point x within the CPL and .
Q is a constant of integration. -
To evaluate Q we employ the boundary condition that, at xi, the concentration of solution is unaffected by the CPL (Fig. 1) , and hence is equal to the concentration of salt in the reservoir, C.. Thus 1
Solving for Q obtains
Substituting (16) into (14) and arranging terms yields
At the high pressure interface, x=O and CX=CO such that
Equation 18 of NaCl solutions was hyperfiltrated (Table 1 ).
-12 -1 conductivity in these runs is 7.3 X 10 cm*sec .
were performed at a constant room temperature of Table 1 shows the values of crobtained from hyperfiltration data. For ideal membranes,~a is zero and Ks = 0.
The calculation of Ks for a membrane system at equilibrium is obtained by a knowledge of the membrane's porosity (@w), dry density of the mineral(s) comprising the membrane (p in grams-cm -3 ) and cation ex-
change capacity of the mineralts) in the membrane (E in equiv*gram ).
Thus the concentration of fixed negative exchange sites per unit volume of the clay membrane (x) can be calculated by:
The concentration of the anions per unit volume of the membrane is Equation 28 results from the development of the Teorell-Meyer-Siever membrane model for a univalent salt as expressed by Hanshaw (1962) In this equation all activity coefficients are assumed to be unity.
The frictional resistance between the cation and water in free solution is related to the transport number of the cation in free solution, t", according to Glasstone (1946) Rm relates the relative tendencies of the charged species to be retarded by frictional resistance with the solid membrane structure.
If the frictional resistance of the ions is purely physical and hence independent of electrostatic effects, then the ratio of the hydrated radii of cation to anion should give a close approximation of R . For m NaCl, this ratio is 1.8 (Harriedand Owen, 1958) .
Rm relates the relative ease of passage of the anion through the membrane in response to an applied physio-chemical gradient. For a highly porous membrane, faw >> fare,and R tends toward zero. For a tight membrane, the frictional resistance of the anion with the membrane structure can be quite large such that f << f aw am" Table 2 Moreover, osmotic efficiency should be greatest in membranes having large cation exchange capacities.
CONCLUSIONS
It is possible to determine =perimentally osmotic efficiencies of clay membranes by hyperfiltration provided that the determination of solution flux and effluent concentration are measured at steady state.
The theoretical m=imum osmotically-induced hydraulic pressure that can be generated across a clay or shale unit can be calculated solely from solution properties on either side of the membrane. However, if the osmotic efficiency of that unit is close to zero then the realized osmotically-induced hydraulic pressure (uM) may be too small to account for anomalously high fluid pressures in the subsurface. In this study it has been shown that osmotic efficiencies of bentonite can be quite high such that the realized osmotically-induced hydraulic pressure in the subsurface can be substantial. 
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